Abstract: Mauritius is a typical tropical volcanic island with a distinct elevated central plateau above 550 m.a.s.l. Rainfall depth, duration, intensity, kinetic energy, and erosivity were analysed for 385 erosive rainfall events at five locations over a five-year period (2004 to 2008). Two Mauritius Meteorological Services stations located on the west coast and three sited on the Central Plateau provide detailed rainfall data at 6-minute intervals. Erosive storm events are found to differ markedly between the coastal lowlands and the elevated interior with regard to the frequency, the total rainfall generated, the duration, total kinetic energy, and total erosivity of individual events. However, mean kinetic energy, mean and maximum rainfall erosivity (EI 30 ), and maximum intensities (I 30 ) from individual erosive events do not show this distinct differentiation. The distribution of kinetic energy and erosivity generated by individual events at the two altitudes are also significantly different. Although erosivity measured during summer exceeds that recorded in winter, the data indicate that large percentages of winter rainfall events on Mauritius are erosive and rainfall from non-tropical cyclones can pose a substantial erosion risk. Soil erosion risk occurs from storm-scale to synoptic-scale events, and extreme rainfall events generate the bulk of the erosivity. This paper also highlights that the use of rainfall records at an event scale in soil erosion risk assessments on tropical islands with a complex topography increases the effectiveness of erosivity estimates.
INTRODUCTION
On tropical islands, erosive rainfall is related to rainfall depth, topography, and altitude (Joshua, 1977; Nigel and Rughooputh, 2010a) and can detach and transport
STUDY SITES AND METHODOLOGY
The island of Mauritius is located in the Indian Ocean at 20º10′ S and 57º30′ E and, together with Reunion and Rodrigues, forms the Mascarene Islands. All of the Mascarene Islands are the summits of volcanic cones that rose from the ocean floor. The north-south length of Mauritius is 63 km and the east-west width is 43 km. Even though it has a complex topography, consisting of mountains, river valleys, and plains, a distinctive feature is the central plateau area that rises steadily towards the southwest of the island, bordered by remnants of the primary shield volcano as chain mountains (Johnson et al., 2010) (Fig. 1) . The climate is tropical maritime with two seasons, a rainy summer from November to April, dominated by cyclone passage, and a dry winter from May to October, dominated by the SE trade winds and frontal systems (Nigel and Rughooputh, 2010b) . Long-term (1971 Long-term ( -2000 mean annual rainfall is 1400 mm on the eastern coast, 4000 mm in the central elevated interior, and 600 mm on the drier western coast (WRU, 2007) . The Central Plateau at above 500 m.a.s.l. is only approximately 20 km from the west coast (Fig. 1) , but long-term records indicate a large contrast in rainfall depth caused by the rain shadow effect of the elevated central uplands and its orographic forcing of the SE trade winds. Inter-annual variation in rainfall totals is significant as it depends on the passage of cyclones, which can double or triple the "normal" monthly rainfall amount received (Padya, 1989) . The average rainfall from a tropical cyclone is 245 mm (Le Roux, 2005) .
Rainfall data between 2004 and 2008 (five years) from automated weather stations at five locations on Mauritius were analyzed. The data were provided by the Mauritius Meteorological Services (MMS) and the Precis Mecanique R01-3030 rainfall gauges logged total rainfall every 6 minutes on a tipping resolution of 0.2 mm rainfall. Two sites are on the west coast of the island, one on the coast at Albion (12 m a.s.l.) and one approximately 4 km from the coastline at Beaux Songes (225 m a.s.l.). Data were also obtained from rainfall gauges in the Central Plateau area at Arnaud (576 m), Grand Bassin (605 m), and Trou aux Cerfs (614 m) (Fig. 1) . The two west coast rainfall stations examine the rainfall intensity and possible erosivity in the driest part of the island, while the high-altitude stations provide a first attempt to present detailed rainfall data from the upper reaches of the catchments in the highest rainfall area. The following data were missing from all the station records; June and July records from 2004, November and December from 2006, and January, February, and March 2007. However, as these records were missing from all the stations, direct inter-station comparisons could still be made. Wischmeier and Smith (1958) indicated that rainfall intensities larger than 25 mm/h are required for significant amounts of soil erosion to occur. Stocking and Elwell (1976) classified a distinct erosive rainfall event as a storm in which total rainfall exceeds 12.5 mm, maximum 5-minute intensity exceeds 25 mm/hour, and the event is isolated by at least a two-hour period of no rain. This definition was also applied to identify erosive events in the South African Drakensberg (Nel, 2007; Nel and Sumner, 2007) . As the rainfall on Mauritius is logged every 6 minutes, the definition by Stocking and Elwell (1976) was adjusted for a 6-minute interval exceeding 12.5 mm. Applying this definition, the data series from the five gauge locations used in this study indicate 385 individual erosive storm events during the study period.
Determining an Erosive Event

Determining Kinetic Energy
Measurements of kinetic energy and raindrop size are unavailable, and an empirical relationship between rain intensity and kinetic energy is used. Wischmeier and Smith (1958) used measurements of drop-size characteristics and terminal velocity to derive a relationship between rainfall intensity and kinetic energy. The proposed relationship is a logarithmic function in the form:
where the intensity R is in mm/h. Work by Elwell and Stocking (1973) in Zimbabwe showed that for subtropical climates the kinetic energy of rainfall can be predicted by the equation:
where the intensity R is in mm/h. This equation has also been adopted for use in the SLEMSA (Soil Loss Estimation Model for Southern Africa). Van Dijk et al. (2002) critically appraised literature on the rainfall intensity-kinetic energy (R-E k ) relationship and, based on the average parameter values that were derived from the best datasets, gave the following general equation to predict storm kinetic energy content from rainfall intensity data:
where the intensity R is in mm/h. As such, for the purpose of a comparative study on Mauritius, any of the three equations would suffice in estimating kinetic energy contents. To allow for consistency with global studies, the equation by Van Dijk et al. (2002) (Eq. 3) is used here to assess the 6-minute incremental kinetic energy content derived from rainfall intensity. In the analysis of kinetic energy, a uniform drop size distribution is assumed. Total event kinetic energy (E k ) generated during each individual erosive rainfall event (J m -2 ) is calculated through the 6-minute kinetic energy content, multiplied by the quantity of rain (mm) falling in that specific 6 minutes to give the 6-minute kinetic energy. Each of the 6-minute kinetic energy values generated during the event is then summed to give the total kinetic energy during each individual event.
Estimating Rainfall Erosivity Potential
Soil erosion can be measured through process-based models such as the Water Erosion Prediction Project (WEPP) (Nearing et al., 1989) where inter-rill erosion or detachment (D i ) is modeled as a function of the effective rainfall intensity (I e ). The European Soil Erosion Model (EUROSEM) (Morgan et al., 1998) predicts soil detachment by raindrop impact (DR) as a function of total kinetic energy (KE). Erosivity can be determined by the product (EI 30 ) of the total kinetic energy (E) of the storm times its maximum 30-minute intensity (I 30 ), developed by Wischmeier and Smith (1978) . This equation has been used globally as part of the (Revised) Universal Soil Loss Equation (R)USLE and also in Mauritius to assess the spatial distribution of erosivity (Le Roux, 2005) and reflects the combined potential of raindrop impact and turbulence created in overland flow. To be consistent with erosivity studies in Mauritius, the rainfall erosivity potential was determined by the product (EI 30 ) of each individual storm (J mm m -2 h -1 ).
CHARACTERISTICS OF EROSIVE RAINFALL EVENTS
Of the 385 individual erosive rainfall events, the low-elevation west coast stations recorded 41 events at Albion and 47 at Beaux Songes. In the Central Plateau, 115 events were recorded at Arnaud, 124 at Grand Bassin, and 58 at Trou aux Cerfs (Table 1) . Approximately half of all rainfall measured at the coast is of an erosive nature, while at the higher-altitude stations rainfall of an erosive nature is only between 26 % and 39 % of total rain recorded (Table 1) . Total duration of events also vary markedly between the two coastal stations, and the higher-altitude stations with the duration of erosive rainfall events at Albion and Beaux Songes measuring less than 20,000 minutes, while at Trou aux Cerfs it is approximately double at 43,000 minutes and at Arnaud and Beaux Songes, erosive rainfall duration is more than four times that at the coast (Table 1) .
With regard to total kinetic energy and erosivity measured, a marked increase in both total kinetic energy and total erosivity between the west coast stations and the high-altitude stations is apparent. Total kinetic energy measured at Arnaud and Grand Bassin is more than four times that measured at the low-altitude stations at Albion and Beaux Songes (Table 1 ). The erosivity of rainfall measured at the Central Plateau stations is also higher than that at low altitude, with Arnaud measuring three times more erosivity (EI 30 ) than Albion and Beaux Songes (Table 1) .
A breakdown of the annual distribution of rainfall characteristics is given in Table  2 . Inter-annual variability can be discerned with regard to rainfall characteristics. However, if the annual totals from 2007 are disregarded (due to missing data), annual erosivity ranges between 2.2 million and 2.7 million J mm m -2 h -1 . A statistically significant (p < 0.001) positive correlation (r = 0.61, n = 385) is found between individual erosive rainfall depth and duration (Table 3) . Maximum 6-minute rainfall intensity (I 6 ) of erosive events measured at the different stations and maximum 30-minute (I 30 ) intensity are also positively correlated with rainfall depth, and strong, significant correlations between kinetic energy and erosivity of individual rainfall events and the event depth are shown. The duration of individual events also influences kinetic energy generated as well as erosivity, but the correlations are weaker than with rainfall depth (Table 3) . However, a negative correlation is found between duration of event and the maximum rainfall intensity (I 6 and I 30 ). Even though these correlations are weak, they are significant at the 99% confidence level, indicating that the longer the duration of the events, the lower the maximum intensities.
Given the seasonality of rainfall on Mauritius (Padya, 1989) monthly rainfall for the recorded period at each station was compared to monthly erosive rainfall (Table  4) . As anticipated, the summer months (November to March) produced the highest percentage of erosive rainfall, and late summer rainfall is particularly erosive, with January, February, and March producing 64% of the annual kinetic energy and 55% of annual erosivity, respectively (Table 4) . However, the winter months did record erosive rainfall, with nearly half of all rainfall recorded in April and May being of an erosive nature. The rainfall in May was particularly erosive, with 13% of annual kinetic energy generated and 31% of total erosivity produced.
The attributes of individual erosive events measured at the individual stations are presented in Table 4 . Maximum depth of rainfall measured during any individual event was 435.8 mm recorded at Arnaud and a separate event with the longest duration was also measured at this station (Table 5) . Mean rainfall depth and mean intensities from individual events show no altitudinal differences, but distinct differences are shown between the coast and the elevated stations with regard to maximum rainfall depth. In contrast, mean duration of rainfall events exhibits marked differences between coastal and plateau stations, but the differences are not as distinct with respect to maximum event duration and maximum intensities (Table 5) . Maximum kinetic energy produced during any individual storm was 7293 J m -2 recorded at Arnaud. Altitudinal differentiation with respect to maximum kinetic energy is evident, but not for mean kinetic energy (Table 5) . Except for Trou aux Cerfs, where one extreme event produced erosivity (EI 30 ) of over 800,000 J mm m -2 h -1 , the other stations have quite similar mean rainfall erosivity and only slight increases of maximum rainfall erosivity with altitude.
The distribution of rainfall characteristics of individual events measured at the Central Plateau stations contrasts with the distribution of characteristics measured at the coastal stations through the non-parametric Mann-Whitney U test (Table 6 ). The distribution of rainfall depth, duration, and intensities measured at the coast, compared to those measured at the Central Plateau, show no significant differences. However, the statistics show significant differences between the distribution of kinetic energy and erosivity measured at the two distinct altitudes.
In addition to erosive events, the occurrence of high-intensity rainfall events was also considered (Table 7) . A high-intensity event is defined as one with maximum I 30 greater than 50 mm/h (Schulze, 1978; Nel and Sumner, 2007) . Arnaud recorded the highest number of high-intensity rainfall events (27), while Grand Bassin recorded 5 and Trou aux Cerfs 6. The low-altitude stations (Albion and Beaux Songes) have the fewest high-intensity events with 2 and 4 recorded, respectively over the five-yr period. Rainfall events that show above-average kinetic energy were also evaluated. The rainfall events were divided into the number of events per station that have kinetic energy above certain thresholds (Table 7) . Again, extreme events with a high energy content have marked altitudinal differentiation, with the coastal stations (Albion and Beaux Songes) recording fewer events with kinetic energy more than 1000 J m -2 and 2000 J m -2
. Furthermore, no rainfall event produced more than 4000 J m -2 of energy at the coast, whereas the three Central Plateau area stations measured a total of 8 such events.
To analyze the nature of erosive events measured at the stations, the cumulative kinetic energy produced by individual events was plotted against cumulative erosive events (Fig. 2) . The graph is divided into quartiles, and the coastal stations of Albion and Beaux Songes (broken lines) show similar exponential distributions. This is also the case with the Central Plateau stations (solid lines). The data indicate that, for all stations, a quarter of rainfall events produce more than half of the total kinetic energy. One single event measured during May 2006 at Trou aux Cerfs generated 816,062 J mm m -2 h -1 (Table 5) , which contributed 30% of the total erosivity measured at that particular station (Table 1) . 
DISCUSSION
Places characterized by complex topography normally get rainstorms caused by topographic forms drawing out atmospheric moisture through orographic precipitation mechanisms (Barstad and Smith, 2004) . The elevated interior of Mauritius represents such an environment and has a noticeable spatial difference in rainfall from east to west across the plateau of the island. Mean annual rainfall differs from 600 to 900 mm on the west coast to over 4000 mm on the central plateau (Rughooputh, 1997; WRU, 2007 , Dhurmea et al., 2009 , and this rainfall gradient is due to orographic effects on the SE trade winds caused by the south-eastern mountain range and the Central Plateau (Fowdur et al., 2006) . This spatial differentiation is also evident in the nature of erosive rainfall recorded at the stations, with an increase in the frequency, total rainfall generated, duration, total kinetic energy, and total erosivity of erosive events between the coast and interior. Total kinetic energy measured on the Central Plateau is four times that measured at the coast, and erosivity (EI 30 ) three times. This compares well with the only other actual EI 30 measured on Mauritius during 1995-1996 at Belle Rive in the Central Plateau and in Belle Ombre on the south coast (Le Roux, 2005) .
Mauritius experiences two seasons, a rainy summer season from November to April and a dry winter from May to October (Padya, 1989) . Monthly soil risk maps, developed by Nigel and Rughooputh (2010b) , show that on an island scale, January and February have the highest erosion risk, followed by December and March, with the rest of the year being dominated by low and very low erosion risk. Data from individual erosive events broadly reinforce this spatial and temporal trend. However, a general description of an increase in erosivity with altitude and the seasonality in erosivity is inadequate in describing the erosive characteristics of individual rainfall events. Mean kinetic energy and erosivity produced from individual erosive events do not show a strong trend with altitude. Except for Trou aux Cerfs, maximum intensities (I 30 ) and maximum rainfall erosivity (EI 30 ) have very limited spatial difference. Furthermore, the data indicate that more than a third of winter rainfall on Mauritius at all altitudes is defined as erosive. According to Padya (1989) , the highest historical values of rainfall intensity recorded were in 1961, when a local shower in the southeast recorded a maximum I 30 of 90 mm h -1 , and in 1971 in the north when an I 30 of 92 mm h -1 was recorded. These events were recorded manually through the use of recording sheets and it is reported that during very heavy rainfall, the sheets get wet and the smudged records cannot be interpreted (Padya, 1989) . Even though the data from automated weather stations presented here are only for five years, they show that much higher rainfall intensities on Mauritius occur than those previously reported. Maximum intensities of over 130 mm h -1 were recorded at Trou aux Cerfs and, at the coast (Albion), a maximum I 30 was recorded of 92 mm h -1 from a rainfall event lasting 60 minutes during March 2004. Therefore, use of historical sheet records as a means of confirming maximum intensities of rainfall events on Mauritius should be done with caution.
Extreme rainfall events also show a significant differentiation with altitude but, from the data, it is clear that, on the island, extreme events generate the bulk of the cumulative kinetic energy and erosivity at all altitudes. Spatial differences in total kinetic energy and erosivity are related to the total number of erosive rainfall events. High-altitude areas also receive more extreme rainfall events that then generate above-average kinetic energies and erosivity. The differences in erosivity between the coast and the elevated interior are thus not only related to absolute rainfall depth, but also to the nature of extreme rainfall events.
IMPLICATIONS FOR SOIL EROSION RISK
Erosion assessments on Mauritius have mainly used daily, monthly, or annual rainfall totals as an indication of rainfall erosivity. Kremer (2000) mapped the annual erosivity of Mauritius by classifying the number of days that receive >50 mm of rain over a year using daily rainfall depth data over a five-year period. Le estimated soil loss for a river basin on the island using the RUSLE model and GIS. In the absence of 6-minute data, the rainfall erosivity (R value) was obtained through monthly and annual rainfall as input into a Modified Fournier Index (MFI) developed by the FAO (Arnoldus, 1980) . A recent soil erosion risk assessment Rughooputh, 2010a, 2010b ) also uses monthly rainfall and annual data as input into the MFI to classify monthly erosivity on an island scale. However, erosion risk and soil loss are not only dependent on rainfall depth, but also on the physical characteristics of rainfall. In certain areas (especially the tropics) very intensive storms are responsible for the bulk of the predicted soil loss (Suarez de Castro, 1950; Hudson, 1971) . In contrast, it has also been reported that large storms appear to play a lesser role compared with the cumulative influence of more frequent, lower-magnitude events (Boardman and Favis-Mortlock 1999; Trustrum et al., 1999) . Even though soil loss from individual events can vary greatly and is dependent on vegetation cover and recent tillage (Le Roux 2005), here we show that the less-frequent, large-rainfall events produce the bulk of rainfall erosivity.
It has been shown that significant erosion risk on Mauritius is posed by summer rainfall through tropical cyclones (Padya, 1989; Le Roux, 2005; Nigel and Rughooputh, 2010b) . The data presented here reinforce this assessment, but extreme non-tropical cyclone rainfall can also represent an erosion risk. Even though the detailed meteorological assessment of individual rainfall events is not considered here, some preliminary appraisals are made. Significant erosive rainfall fell during May 2008 at all altitudes during the recording period, when two cold fronts crossed the island on May 16 and 19, followed by easterly waves. A very unstable atmosphere also contributed to the rainfall recorded (Mauritius Meteorological Services, 2008) . This frontal mesoscale rainfall caused a significant amount of the total erosivity recorded during the five-year period. One rainfall event on March 8, 2004, measured at Albion, contributed 13% of the total erosivity measured at that station for the five-year period as well as the highest intensity (I 30 of 92 mm h -1 ). The event lasted an hour and, as very little rainfall was recorded at the other stations, it is assumed that it was not related to a cyclone and instead was probably due to localized convective rainfall associated with thunderstorm (storm-scale) activity.
The differentiation of rainfall energy and erosivity between the coast and the upper catchment areas is undisputed and must have a bearing on the detachment of soil particles and runoff rates. Furthermore, any poorly vegetated area in the highaltitude mountains will be at risk of erosion (Le Roux, 2005) and the high-altitude areas have been classified as areas of high erosivity (Nigel and Rughooputh, 2010a) . More than half of the area of Mauritius is under intensive cultivation, mostly sugar cane, but the sugarcane industry in Mauritius has been facing enormous economic constraints (Le Roux, 2005) . To counter this, a number of fields, especially on the west coast, are being converted to other agricultural crops (Kamminga, 2008) , although sugarcane crop conversion can pose a massive soil erosion risk (Le Roux, 2005) . Traditionally, the risk of erosion on the west coast for most of the year and for most types of agricultural land use has been viewed as limited (Kamminga, 2008; Nigel and Rughooputh, 2010a; 2010b) , and vulnerability analysis indicates that, on the west coast, crop conversions are not linked to soil erosion risk (Kamminga, 2008) . This could be attributed to the fact that current soil erosion models on Mauritius estimate rainfall erosivity from monthly and annual rainfall totals, but this paper shows that erosion risk from individual events on Mauritius can occur at all altitudes (including the west coast) from all rain-bearing weather conditions. In such an environment, where a small number of individual events generate high erosivity, annual or monthly rainfall measurements could be underestimating erosion risk at the island scale. Therefore, the temporal scale of data used to detect soil erosion risk in an environment where storm-to synoptic-scale systems dominate the risk for soil erosion needs to be adjusted to smaller time-scales to increase effective assessment.
CONCLUSION
Mauritius, like most tropical volcanic islands, is an environment where there is a noticeable altitudinal and temporal difference in rainfall due to the nature of the topography and its orographic effects. Data from individual erosive events broadly reinforces these distinct trends. Erosive rainfall recorded at the stations show marked differences between the west coast and the higher-altitude Central Plateau in frequency, total rainfall generated, total kinetic energy, and the total erosivity of individual events. Erosivity measured during summer also exceeds that recorded in winter, and the distribution of kinetic energy and erosivity measured at the two distinct altitudes are also significantly different. However, a general description of spatial and temporal differentiation is inadequate in describing the characteristics of individual rainfall events. Mean kinetic energy, mean and maximum rainfall erosivity (EI 30 ), and maximum intensities (I 30 ) from individual erosive events do not have this strong spatial trend. The data also indicate that large percentages of winter rainfall on Mauritius at all altitudes are defined as erosive, and non-tropical cyclone rainfall can pose a substantial erosion risk. Extreme rainfall events generate the bulk of the cumulative erosivity at all altitudes, and the spatial differences in erosivity are related to the total number of erosive rainfall events as well as the frequency of extreme rainfall events.
High-resolution intensity data from automated weather stations show that greater rainfall intensities occur than were previously recorded manually. The use of manual sheet records as a means to validate maximum intensities and erosivity on a spatial and temporal scale on Mauritius should be done with care. Furthermore, in rainfall erosivity modelling in a tropical maritime environment like Mauritius, the time scale at which rainfall records are used within these assessments needs to be at an event scale (storm and synoptic scale) to be effective. Given the findings, it is suggested that further research into the causes and nature of extreme rainfall events and the implication for soil erosion risk is needed.
